1. Introduction {#s0005}
===============

Development of a highly reproducible and reliable nucleic acid biosensor platform to screen genetic disorders caused by base pair mutation is crucial for early-stage diagnosis of different types of disease ([@bib1], [@bib8], [@bib12]). Among them, the other nucleic acids such as microRNAs (miRNAs) as short noncoding RNAs 19--25 nucleotides long) are important because of their functions in regulation of diverse gene expressions and involvement in tumor initiation, metastasis and apoptosis ([@bib16], [@bib32]). Unusual expression of distinctive miRNAs associated with various human cancers has made these biomolecules important clinical biomarkers ([@bib3], [@bib35]). Commonly used miRNA sensors are known as Northern blotting and real-time PCR which offer great sensitivities ([@bib5], [@bib34], [@bib43]). Despite their complexity and high cost, however, sophisticated primer design and the necessity process of reverse transcription used in PCR for small RNA targets cause extra errors, nonspecific binding and low primer hybridization efficiency ([@bib49]). Alternatively, signal-amplifying mechanisms such as loop-meditated isothermal amplification (LAMP) ([@bib29]), catalyzed hairpin assembly ([@bib20]), rolling circle amplification ([@bib7]), bio-barcode gel assay ([@bib26]) and strand displacement ([@bib45]) can truly increase the miRNA detection sensitivity and specificity, but require multiple and complex detection processes together with various enzymes or reagents. Thus, new methods were developed to reduce those tedious procedures, for example fluorescence ([@bib52]), surface enhanced Raman spectroscopy ([@bib46]), electrochemiluminescence ([@bib14]), surface plasmon resonance ([@bib47]) and electrochemistry ([@bib24]). Among them, electrochemical-based biosensors have received much attentions due to their simplicity, low cost and high sensitivity for the detection of short RNAs and viral DNAs ([@bib4], [@bib49]). For instance, aloe-like gold micro/nanostructures ([@bib40]), three-mode system ([@bib25]), hybridization chain reaction ([@bib15]), target recycling ([@bib50]), 3 C strategy ([@bib6]) and protein electrocatalysis ([@bib23]). Although they have made great analysis advances, but still require special nanostructured electrode or need labeling mediators for sensitive detection which such agents hamper target binding and reduce specificity and/or require complicated and multistep detection process (details of previous reports are provided in [table S1](#s0055){ref-type="sec"}), also the reproducibility of electrochemical biosensors have remained challenging.

To address those issues, several platforms have been reported to improve the reproducibility and fidelity of electrochemical biosensors. Surface treatment and functionalization preserves an important role to prevent non-specific bindings, physical adsorptions and provide sufficient spacing in solution phase to better the sensing performance and achieve a high-throughput target analysis. Aniline derivative electro-addressing mechanism ([@bib11]) was reported to solve the aforementioned problems but it is still unable to provide enough spacing for target invasion. The emerging 9 G DNA chip ([@bib42]), offering a 2D microarray, roughly addressed those issues but limited to control the orientation of DNA strands. Nanocones (dendrons) surface modification ([@bib17]), Strepdavidin-Biotin immobilization, ([@bib13]) and DNA-nanostructured scaffold ([@bib31]) because of their 3D structure have been proposed to remove all those challenges but the non-conductive function of those microarray molecules affects the sensitivity of biosensors, also the orientation control is not resolved properly.

To overcome reproducibility and multiplicity problems, we employed recombinant azurin (rAzu) immobilized on the gold electrode to provide a stable anchoring site which removed the requirements of additional linkers and functioned as a selective-arrayed molecule because of its appropriate cross-sectional diameter (\~5 nm) and ability to receive only one DNA strand at its N-terminus. Also, to eliminate the monotonous multiplex detection procedures and reduce the detection time, in the present study, a novel structure composed of parallel structural dsDNA (PSD) and rAzu was proposed as a general platform for the precise detection of short nucleic acids such as miRNAs and viral DNAs in single step with high specificity towards single base pair mutation in 1 h ( [Fig. 1](#f0005){ref-type="fig"}). The PSD structure resembling a parallel electrical circuit, was designed and implemented as a DNA wire with greater electrical conductivity than conventional dsDNA and provided a remarkable platform for the detection of single mismatched mutation at very low concentration. A silver ion intercalated between C-C mismatched base pairs at the top of each structure acted as the signal reporter for electrochemical conductance measurement and target detection. The CT ability of rAzu based on the Cu^+^/Cu^2+^ redox reaction seemed to play a significant role in CT modulation and controlling the charge migration across the structure. Also at pH 7.4, rAzu molecules with an isoelectric point of 6.03 offered a negatively-charged surface, which caused DNA strands (negatively-charged backbone) to be arranged vertically, hence, eliminating the lateral DNA adsorptions to the surface. The developed structure was applied for electrochemical detection of miRNA-155, which is overexpressed in MDA-MB-231 breast cancer cells and underexpressed in A549 lung cancer cells ([@bib19], [@bib26], [@bib38]). Also for the versatility test, it was employed for the detection of various miRNAs and viral DNAs such as miRNA-21, miRNA-141, miRNA-143, MERS-CoV and HIV-1 viruses. Furthermore, the proposed PSD biosensor showed a good capability towards monitoring the miR-155 expression levels in two different cancer cell lines.Fig. 1Schematic diagram of Parallel Structural dsDNA (PSD) adsorbed onto recombinant azurin (PSD/rAzu). (a) Immobilization process of the whole structure, (b) constitution towards the role of rAzu and DNA conductance enhancement, (c) Function of PSD for nucleic acid detection.Fig. 1

2. Result and discussion {#s0010}
========================

2.1. Conformation analysis of PSD/rAzu hybrid {#s0015}
---------------------------------------------

The TBM-native polyacrylamide gel electrophoresis (PAGE), scanning tunneling microscopy (STM), flow surface plasmon resonance (F-SPR) and CV techniques were used to confirm the PSD structures. In the PAGE analysis ( [Fig. 2](#f0010){ref-type="fig"}a), the bands in lanes I and III corresponded to miR-155 (R) and 22 bp ssDNA (T~1~) were different due to self-aggregation of RNA strands, resulting in slow migration. Similar bands were seen from 66 bp ssDNAs (D~1~ and D~2~) in lanes II and IV. Lanes V and VI indicate that the target miR-155 hybridized to the T~2~ strand with high specificity. The smeared band may be due to bending tendency of RNA which forces DNA strand to form different structures leading different migration velocity inside the gel. The imperfect PSD is shown in lane VI, in which the bands are smeared and not well separated. In lane VII, a well-defined band before the 200 bp marker confirms the PSD structure (176 bp). Smeared bands in both VI and VII lanes might result from the fact that, since the structure is in the solution state, alongside the parallel structure (PSD) there is a possibility of formation of secondary structures and self-aggregation of imperfect PSD also existence of macro molecules such as tetra, hexa and octa structures. As a result, the layer-by-layer self-assembly of the PSD was studied, since the thiolated-ssDNA is priory immobilized and fixed to the substrate not to allow the secondary structures occurrence.Fig. 2Structure conformation analysis. (a) Native polyacrylamide gel (12% TBM) with ethidium bromide staining for PSD conformation analysis. (I) R, (II) D~2~, (III) T~1~, (IV) D~1~, (V) D~2~+R, (VI) D~2~+R+T~1~, (VII) D~2~+T~1~+D~1~, and (VIII) D~2~+R+T~1~+D~1~. The last lane is a 100 base pair DNA marker. STM analysis of morphological image and the corresponding cross-sections for: (b) bare Au electrode, (c) dsDNA, (d) PSD, (e) rAzu, (f) dsDNA/rAzu, and (g) PSD/rAzu. Scale bar is 10 nm. The STM images were recorded in air with tunneling current of 1 nA and bias of 100 mV.Fig. 2

For the layer-by-layer self-assembly study of the hybrid structure at the molecular scale, STM measurement was carried out. [Fig. 2](#f0010){ref-type="fig"}b-d illustrated a morphological image of five studied structures of dsDNA, PSD, rAzu, dsDNA/rAzu and PSD/rAzu along with the corresponding cross-section of each individual samples which clarifies the conformation of complex structure.

For further confirmation of the PSD/rAzu structure, flow surface plasmon resonance (F-SPR), CV and electrochemical impedance spectroscopy (EIS) measurements were also performed (see the [Supplementary information (S. 4, 5, 6) and Figs. S2, 3, 4](#s0055){ref-type="sec"}).

2.2. The role of recombinant azurin towards DNA electrochemical signal enhancement {#s0020}
----------------------------------------------------------------------------------

Various metalloprotein-based bioelectronic devices have been developed in our group to make these materials very practical candidates in this area ([@bib9], [@bib10], [@bib27], [@bib51]), from which, we used rAzu containing three cysteine residues, produced by the site-directed mutagenesis technique ([@bib21], [@bib28]). The role of rAzu on DNA electrochemical signal was investigated based on the reduction of Ag^+^ ions, covalently bound between dsDNA mismatches (C-Ag^+^-C), ([@bib36]) which was designed to be located at the top of the each dsDNAs ([Fig. 1](#f0005){ref-type="fig"}a). Electrodes were prepared ([Supplementary information (S. 7) and Fig. S5](#s0055){ref-type="sec"}) and directed to the electrochemical cell as the working electrodes then potential was scanned negatively (forward scan). Cathodic currents were detected, resulting from the reduction of silver ions upon the application of a sufficiently negative potential, indicating a CT yield across the complex. It is worth saying that, the occurrence of the silver ion reduction potential after that of the copper ion and DNA ( [Fig. 3](#f0015){ref-type="fig"}a, b) confirms the CT direction from gold substrate to silver ion through the complex. Also, compared to the previously reported methods ([@bib18], [@bib41], [@bib48]) for electrochemical DNA CT analysis using redox dyes such as Nile blue, Redmond Red and Ferrocene with broad redox signals, in our approach silver ions remove the requirement for DNA labeling, and yield a very sharp, distinctive and well-localized cathodic peak, which enables signal detection at a very low target concentration ([Fig. 3](#f0015){ref-type="fig"}b). Therefore, silver ion can be a well-defined redox reporter candidate for DNA electrochemical signal analysis.Fig. 3Electrochemical and electrical analysis. (a) CV obtained from dsDNA (dash line), rAzu (blue line), and dsDNA/rAzu, in the absence of Ag^+^. (b) CV response of the C-1Ag^+^-C dsDNA (blue line), C-1Ag^+^-C dsDNA/rAzu (black line), and C-1Ag^+^-C PSD/rAzu, in the presence of Ag^+^. Oligonucleotides' concentration: 0.5 p.M., rAzu: 0.100 mg mL^-1^. CV Data are based on the 10th cycle. (c) Schematic diagram showing the intuition behind CT in the dsDNA and dsDNA/rAzu with C-1Ag^+^-C. (d) Examples of the conductance vs. tip separation scans, showing the conductance steps for dsDNA (fist five curves from the left) and PSD (six curves from the right) which are immobilized onto Au electrode. The experiments were performed at current set point of 0.5 nA and bias voltage of −0.3 V. Conductance histograms and the Gaussian distribution curves for (e) dsDNA and (f) PSD. The histograms have taken from 500 experimental curves, extracted from at least 10 similar I-V curves of different samples after bare electrode signal subtraction. The measurements is limited by a 1 GΩ series resistor. The measured DNA molecules were topographically scanned before and after I-V measurement, to confirm whether or not the structures remain intact and that the STM tip position was not changed.Fig. 3

To better understand the complex CT kinetics, a set of experiments were conducted at a very low DNA concentration (0.5 µM) with high accuracy. Analysis was conducted in the absence (no C-C mismatch) and presence of Ag^+^ ions (C-1Ag^+^-C mismatch). As seen in [Fig. 3](#f0015){ref-type="fig"}a, in the absence of Ag^+^ ions, the electrochemical signal of dsDNA adsorbed by rAzu immobilized on Au electrode (dsDNA/rAzu) was higher than the direct adsorbed one. A shift in redox potentials and currents of DNA and rAzu in different configuration states was observed. The reduction potential (E~pc~) of azurin (182 ±24 mV) occurred before that of the dsDNA (144 ±12 mV), but in the conjugation state, the dsDNA-E~pc~ and azurin- E~pc~ were accumulated, leading to a higher i~pc~ while their oxidation potentials were well-distinctive. In addition, a considerable increase in dsDNA-i~pc~ (25 ±3 nA to 94 ±6 nA) alongside a shift in oxidation potential (E~pa~) from 228 ± 24 mV to 401 ± 26 mV and a dramatic increase in dsDNA-i~pa~ (−25 ± 4 nA to 156 ± 8 nA) were evident. Similarly, the role of rAzu in redox signal enhancement of Ag^+^ ions (i~pc~: 11 ± 2 nA to 33 ±4 nA and i~pa~: −14 ± 2 nA to −37 ±5 nA) and dsDNA (i~pc~: 24 ± 4 nA to 107 ±3 nA and i~pa~: −23 ±4 nA to −89 ±6 nA) was observed ([Fig. 3](#f0015){ref-type="fig"}b).

Although, it seemed the observed electrochemical signal enhancement of DNA was resulted from the well-controlled number of immobilized DNA molecules. Whereas this is in contradiction with the fact that, rAzu was expected to execute an extra resistance to the structure and increases the distance of Ag+ ions from the surface leading to a lower conductivity of dsDNA. The rationale behind this phenomenon might be schematically explained in [Fig. 3](#f0015){ref-type="fig"}c. By driving the electrode to more negative potentials, the energy of the electrons is increased. They can reach a level high enough to transfer into vacant electronic states on species in the electrolyte (Path No. 1) ([@bib2]). Since the reduction potential of rAzu takes place before that of Ag^+^ and approximately before dsDNA ([Fig. 3](#f0015){ref-type="fig"}a and b), application of a negative potential scan on the working electrode results in electrons traveling from the Au electrode to rAzu, causing the copper ion to be reduced first. Electrons then transfer across the DNA strand and reduce silver ions, leading a higher cathodic current of Ag^+^ compared with the dsDNA/Au electrode structure. In other words, electrons are more likely to travel through path number 2, where the vacant molecular orbits are in a lower energy state. More interestingly, azurin protein caused DNA to have a higher electrochemical signal, which confirms that azurin protein is a pronounced electron donor to DNA and increases its conductance. Thus, rAzu behaves as an electron donor, the DNA helix as a charge mediator and silver ion as an electron acceptor.

2.3. Comparison between dsDNA and PSD using electrochemical analysis {#s0025}
--------------------------------------------------------------------

Comparing the conductance of the proposed PSD and dsDNA based on the conventional Au electrodes in an electrochemical cell necessitates very high accuracy. Due to the lateral size differences between PSD and dsDNA (\~4 and \~2 nm, respectively), controlling the number of molecules to be identical per area of electrode was necessary to compare their conductance. As seen in schematic diagram of [Fig. S6](#s0055){ref-type="sec"}, in order to immobilize PSD on Au electrode using self-assembly method, after ssDNA immobilization, there should be enough space for the other three strands to incorporate into the structure and form the final PSD. Notably, mercaptoethanol as the spacer cannot provide a sufficient space between the ssDNAs resulting an inaccurate control in the number of immobilized molecules onto the surface. Therefore, rAzu was used as a selective molecule to receive DNA molecules ([Supporting information, S. 8](#s0055){ref-type="sec"}).

If we simply assume the 66 bp dsDNA as a classical wire with a defined resistance, then, the total dsDNA of 66 bp is defined as three 22 bp helixes with same electrical resistance (R), in a series connection depicted in [Fig. 1](#f0005){ref-type="fig"}b. PSD would correspond to a combined circuit comprising series and parallel circuits. According to Ohm\'s law ([@bib33]), in the case of PSD, there are four resistances that two of them are in parallel to give a total resistance of 2.5 R while it is 3 R in dsDNA. Supposing that each individual part has the same length and cross-sectional area, the conductivity of PSD should increase by 20%. As shown in [Fig. 2](#f0010){ref-type="fig"}a, the reduction current of silver ions (Ag^+^-i~pc~) in PSD is more than 20% that of the dsDNA. [Fig. S7](#s0055){ref-type="sec"} shows the conductance differences between dsDNA and PSD adsorbed on both an Au electrode and rAzu as a function of DNA concentration. A linear calibration curve is seen for all the two structures of dsDNA/rAzu and PSD/rAzu. By comparing the Ag^+^-i~pc~ for PSD (*I* ~*2*~) and dsDNA (*I* ~*1*~) adsorbed on rAzu, the following equation can be extracted:$$I_{2}/µA = 1.2 I_{1}/µA + kC, R^{2} = 0.995$$Where *R* is the regression coefficient, k equals 0.24 (µ*A/pM)* and *C (pM)* is the concentration of DNA immobilized on rAzu. The first term in the equation refers to the classical assumption of 20% current enhancement. The second term may be due to the presence of azurin protein and the fact that in organic semiconductors there are no conventional valence bands and no delocalized energy states, whereas, they are localized within the whole or part of the organic structure.([@bib44]) Hence, the spatial arrangement of the molecular orbits would be the key factor for electrons to occupy these states, leading to a nonzero "hopping" probability between energy states. Therefore, PSD might provide new spatial extents of energy states that give rise to the CT efficiency across the molecule.

2.4. Electrical analysis using scanning tunneling microscopy (STM) Break-Junction Technique {#s0030}
-------------------------------------------------------------------------------------------

To further prove the electrical properties of the individual DNA structures at the nanoscale and more accurate level, STM break-junction technique ([@bib30], [@bib37]) was conducted at room temperature. [Fig. 3](#f0015){ref-type="fig"}d plots some examples of conductance versus tip separation which indicates the molecular bridge formation of dsDNA and PSD. The conductance of each structure can be measured through the current steps, of which, a notable difference between the conductances of the two structures are evident. Although it is obvious that, for a bare gold there was no current plateau resulting from non-existence of a molecular junction ([Fig. S8](#s0055){ref-type="sec"}). The conductance histograms constructed from 500 conductance traces for dsDNA and PSD are also shown in [Fig. 3](#f0015){ref-type="fig"}e and f. Considering the conductance formula of G = I~plateau~ / V~bias~ and assuming the G~0~ = 2e^2^ / h ≈ 77.4 µS, the average conductance of 1.59 × 10^-6^ G~0~ was calculated for PSD on Au substrate which is about 1.8 times more than that of the dsDNA (0.87 × 10^-6^ G~0~). The reason for the higher conductance of our studied dsDNA compared with the previous studies ([@bib39], [@bib53]) can be attributed to using a tungsten tip instead of a gold tip. Also, measurement in a non-vacuum state and not using a chemical linker to be attached to the tip may be the cause of high current fluctuations in our data. Even though, the STS data cannot be compared with the electrochemical data, but their result complement each other to prove that PSD is more conductive than dsDNA. Extra analysis are provided in [Supplementary information (S. 9) and Fig. S9](#s0055){ref-type="sec"}.

2.5. The principal of electrochemical DNA-based sensor for nucleic acid detection {#s0035}
---------------------------------------------------------------------------------

The proposed PSD structure was developed as a DNA-based electrochemical biosensor for nucleic acid detection. As seen in [Fig. 1](#f0005){ref-type="fig"}c, the probe consists of an imperfect PSD adsorbed on rAzu, which lacks a single strand, the target strand (miR-155). The imperfect PSD is not in an upright state due to its higher bending elasticity compared to the perfectly-matched PSD. Therefore, silver ions are closer to the electrode surface, resulting in a higher signal as a consequence of Ag^+^ reduction. MiR-155 was added to the probe and incubated for 1 h at RT. Details about optimum assembly time of miRNA on PSD biosensor is provided in [Supporting information (S. 10 and Fig. S10](#s0055){ref-type="sec"}). Afterwards, the electrode was directed to the electrochemical cell for CV analysis. In the presence of miR-155, because of the formation of an upright PSD on the rAzu, the detection signal decreased and the correspondent Ag^+^-i~pc~ was defined as our detection signal ([Fig. 1](#f0005){ref-type="fig"}c). It should be mentioned that, replacement of the T~2~ strand with miRNA (R) in PSD resulted in no significant difference in the redox current or behavior of species ([Fig. S11](#s0055){ref-type="sec"}). To achieve a higher detection signal and lower limit of detection (LOD), we determined the threshold number of coordinated eight silver ions inside a 22 bp dsDNA of the head part of the PSD ([Supplementary information, S. 11 and Fig S. 12](#s0055){ref-type="sec"}).

2.6. Nucleic acid biosensor performance {#s0040}
---------------------------------------

CV was performed to evaluate the LOD and dynamic range of the electrochemical sensor. As shown in [Fig. 4](#f0020){ref-type="fig"}a and b, the electrochemical signal of the reduced Ag^+^ increased with increasing miR-155 concentration. The redox signal of rAzu increased with increasing target strand concentration. This indicates greater involvement of copper ions in the electron donation process due to presence of a greater number of electron acceptors (Ag^+^ ions). In order to accurately analyze the LOD of the PSD biosensor, 20 µl of the imperfect PSD (sensor probe) at the concentration of 50fM was assembled onto the rAzu modified gold electrode then 20 µl of different miR-155 aliquots at the concentration of 1fM to 50fM were incubated onto the sensor probe for 1 h at RT. After the washing process, electrodes were directed to the electrochemical measurement. As seen in [Fig. 4](#f0020){ref-type="fig"}a, the reduction current of silver ion (Ag^+^-i~pc~) increased by reducing the concentration of miRNA from 50fM to 1fM. A corresponding linear graph ([Fig. 4](#f0020){ref-type="fig"}.b) was achieved from plotting the Ag^+^-i~pc~ difference between the "on" and "off" states (Ag^+^-Δi~pc~) as a function of the miRNA concentration. The Ag^+^-Δi~pc~ increased by increasing the target concentration until almost the whole imperfect PSDs were switched and the Ag^+^-i~pc~ dropped by \~63% compared to the probe signal. The regression equation was Δi~pc~ (µA) = 2.44e-3C (fM) + 5.91e-3; R^2^ = 0.9984, and the LOD was calculated \~0.5 fM (\~ 6 × 10^3^ molecules in 20 µl) based on the 3 × (*S/m*) method, where the *S* is the standard deviation of the blank signal and *m* is the slope of the linear fitting curve.Fig. 4Sensor performance. (a) CV response of C-8Ag^+^-C PSD/rAzu for 6 different concentration of miR-155: a) 50fM, (b) 40fM, (c) 30fM, (d) 20fM, (e) 10 fM, (f) 1fM and (g) Probe signal (50fM). (b) The calibration linear curve for the [Fig. 4](#f0020){ref-type="fig"}a. (c) Reproducibility test upon 40 cycles of PSD/rAzu at 20 fM of miR-155. Four-cycle increments have been illustrated. (d) CV analysis for non-target miRNA strand, target miR-155 and 1-mismatched base pair miR-155. (e) Schematic illustration of short circuit occurrence in 1-mismatch PSD. (f) Selectivity of the miR-155 sensor for the detection of the non-target strands, miR-155 in the mixture miRNAs and 1-mismatched miR155 and also the capability of the PSD/rAzu structure for the development of different biosensors for the detection of other miRNAs and other viruses; Data was obtained based on three independent experiments. Each strands' concentration was 2 pM, g) The typical qRT-PCR (upper) and PSD biosensor (lower) graphs obtained from MDA-MB-231 and A549 cell lines for the detection of miR-155 expression level; dash line shows the C~t~ value, (h) The corresponding relative abundance of the miR-155 in the mentioned cell lines by qRT-PCR and PSD biosensor experiments; data was obtained from 3 identical reactions.Fig. 4

The PSD biosensor results were verified by comparing to the quantitative real-time polymerase chain reaction (qRT-PCR) results ([Fig. S13](#s0055){ref-type="sec"}). Primer design and experimental details are provided in [supporting information (S. 12)](#s0055){ref-type="sec"}. Comparing to the PSD biosensor results, similar performance was observed, however in case of qRT-PCR a C~t~ value of 39.4 was found for the negative control which may be due to the non-specific bindings between the non-target miRNA and RT primer during cDNA synthesis in reverse transcription process. Also it should be note that, the essential step of reverse transcription along with the primer design complexity undoubtedly cause experimental errors and extra costs to the system.

Repeatability test was performed using 10 probes under identical experimental conditions; the relative standard deviation (RSD) was 3.5%. For reversibility test, 40 cycles of CV measurement were carried out on 20 fM miR-155; a slight decrease in Ag^+^-i~pc~ was observed from 492 nA to 471 nA. The RSD was calculated to be 3.2% ([Fig. 4](#f0020){ref-type="fig"}c). Alternatively, after storage for 1 week at 4 °C, the sensitivity of the biosensor was unchanged. After 2 weeks, the calculated RSD was 3.1%. These results show that our PSD biosensor displayed an acceptable Stability.

The specificity of the proposed electrochemical sensor was verified by introducing single-base-pair mismatched and non-complementary RNA and DNA targets. Interestingly, addition of a target RNA strand with a single mismatched base pair resulted in a significant drop of \~ 88% in the probe signal ([Fig. 4](#f0020){ref-type="fig"}d). This can be described as the short-circuit law in classical physics which affirms that, in a parallel electrical circuit having two paths of current flow, current travels along the path with no electrical impedance. Therefore, the single mismatched duplex can be thought of as a path with higher impedance than the other parallel duplex ([Fig. 4](#f0020){ref-type="fig"}e). As a result, in the presence of a single mismatched base target, current would flow through the other parallel strand, yielding a lower Ag^+^-i~pc~. Indeed, the parallel part of the PSD/PSD disrupts the base pairs' π-stacks, which are the CT bridge in dsDNA ([@bib22]), however as mentioned above, intercalation of two small strands (T~1~ and T~2~/R) into the structure might provide a new spatial state of energy that can compensate for the π-π orbital loss in dsDNA and support higher mobility and charge delocalization. Therefore, the presence of single mismatch at one side of PSD prohibits the CT across the damaged helix, which might distract electron coupling of the two parallel helices and lead to a lower conductance. As seen in [Fig. 4](#f0020){ref-type="fig"}f, non-complementary RNA and DNA strands were also introduced to our sensor, which resulted in a higher signal than that of miR-155 due to the higher bending flexibility of the imperfect PSD. Furthermore, versatility test was carried out upon different DNA and RNA targets. As seen in [Fig. 4](#f0020){ref-type="fig"}f, five different sensors were developed (see [table S3](#s0055){ref-type="sec"} for the primer design) and employed to detect their specified targets of miR-21, miR-141, miR-143, MERS-CoV and HIV-1. The results showed a proper response of our sensing strategy for the general detection of different types of target nucleic acids. The small deviation in signals can be interpreted as the different numbers of G/C contents in different target strands.

In order to further investigate the credibility of our PSD biosensor for the detection of microRNA in clinical samples, the expression level of miR-155 in two different cancer cell lines of MDA-MB-231 (breast cancer cell) and A549 (lung cancer cell) was monitored and the result was compared with qRT-PCR and previous reports ([@bib26]). In this regard, the total microRNAs of \~90 ng was isolated and purified from both above-mentioned cell lines (details in [supporting information, S. 13](#s0055){ref-type="sec"}). Same amount of the total miRNAs were used for both PSD biosensor and qRT-PCR and the results for three independent samples were recorded. As seen in [Fig. 4](#f0020){ref-type="fig"}g, similar results were obtained from both techniques. The level of miR-155 from MDA-MB-231 and A549 was measured on the basis of the standard curves obtained from qRT-PCR and PSD biosensor using serial dilution of the synthetic miR-155 ([Fig. S13](#s0055){ref-type="sec"}b and d). The results showed a higher expression level of miR-155 in MDA-MB-231 cell line compared to the A549, which is in a good agreement with the previous studies ([@bib26]). By normalizing the miR-155 expression level, the abundance of this oncogene was plotted in [Fig. 4](#f0020){ref-type="fig"}. h. Notably, in the case of PSD biosensor, the difference between the levels of miR-155 is a bit higher and more distinguishable than that of the qRT-PCR results. This may be ascribed to the RNA extraction variation or non-specific binding of stem-loop RT primer which results in non-target reverse transcription following the amplification errors. As a result, our data proved that the PSD biosensor is quite capable of miRNA profiling in real samples.

3. Conclusion {#s0045}
=============

The PSD/rAzu hybrid was developed and applied for a label-free, ultrasensitive and facile electrochemical-based nucleic acid biosensor with fast response and high fidelity to discriminate single-mismatched and non-complementary targets. Assuming as a classical parallel electrical circuit, the PSD undertook a higher conductivity than dsDNA. The electrical conductance of PSD and DNA structures were investigated by STS and CV techniques based on the alteration of silver ions reduction which was intercalated between C-C mismatches. Having higher conductivity of PSD compared with dsDNA gave rise to the sensitivity of our biosensor. Furthermore, rAzu functioned as a selective molecule to accurately control the number of DNAs together with their vertical arrangement as well as providing enough spacing for reliable and fast structure transformation resulting from target detection. Likewise, the PSD/rAzu structure was investigated theoretically to further understand the charge transfer mechanism across the biomolecules. The proposed DNA/RNA/protein hybrid structure promises various potential applications such as nanoscale biomedical device and bioelectronics devices as the electrical element to regulate the signal at single molecular level.
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==================================
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